After hydrolysis of polyglutamate derivatives, leaf extracts of pea (Pisum sativum L.) seedlings were examined for individual folates using high Performance liquid chromatography and microbiological assays employing Lactobacillus rhamnosus and Pediococcus acidilactici. 14-day seedlings contained 0.17±0.01 nmol folate mg' protem that was predominantly methylated and associated with the cytosolic fraction. Percoll gradient-purified mitochondria and chloroplasts contained 11.0±2.3% and 8.4±0.6% of cellular folate, respectively. Mitochondrial folates {0.47±0.11 nmol folate mg' protein) were predominately (90%) formylated and unsubstituted. In contrast, chloroplasts contained a less concentrated (0.02±0.001 nmol folate mg ' protein) folate pool consisting of approximately 30% methylated folate. The total folate content of pea leaves increased by 40% when dark-grown (etiolated) 9-day seedlings were exposed to light for 48 hours. Duriiig this light treatment, the mitochondrial folate pool, on a per mg protein basis, increased 10-fold. This light treatment also changed the composition of the mitochondrial folate pool with a shift occurring from methylated to formylated and unsubstituted derivatives. These changes in the folates of greening tissues are discussed in relation to the metabolism of glycine and serine that accompanies photorespiration in leaf tissues.
Introduction
Chlorophyll, anthocyanins, alkaloids, and flavonoids, derive methyl groups from L-adenosylmethionine In plants, as in other species, folate derivatives which in tum is generated from 5-CH3-H4PteGlun mediate one-carbon transfers that are required in the (3, 5) . synthesis of purines, thymidylate, formylmethionylSeveral reactions of folate biosynthesis and tRNA, glycine, serine, and methionine (1) (2) (3) . In the H4PteGlun tumover in plants are mitochondrial (6) (7) (8) (9) . majority of plants, the folate pool contains formyl-and
In this regard, plant mitochondria contain metabolicalmethyltetrahydropteroylpolyglutamates (HCO-and ly active folates and readily catalyze their interconver-S-CH3-H4PteGlun) (4) and there is conclusive evidension in vitro. These organelles have hydroxymethyl ce that these derivatives actively participate in folatedihydropterin pyrophosphokinase (HPPK) and düiy-dependent pathways (1) (2) (3) . Furthermore, a number of dropteroate synthase (DHPS) associated as a bifuncmethylated phytochemicals including lignin, pectin, tional complex (10, 11) . Leaf mitochondria also contain a bifunctional protein with dihydrofolate reductase (DHFR)-thymidylate synthase (TS) activities (10) , dihydrofolate synthetase, and an isoform of folylpolyglutamate synthetase (12) . In Arabidopsis and other species, there is evidence for the expression of mitochondrial 5-formyltetrahydrofolate cyclohydroligase (5-FCL) activity (13) . Although it has been suggested (10) that leaf folates are principally mitochondrial, a more recent study (14) conflrmed the findings of earlier workers (1, 4, 15) that the bulk of plant folates are cytosolic.
The total folate pool of plants is affected by light (14, 16) with chlorophyll-containing tissues containing nearly double the folate content of etiolated tissues of the same age. These changes may be associated with the onset of photorespiration (2) . In support of this contention, the greening of etiolated seedlings is accompanied by increases in the levels of glycine decarboxylase (GDC), serine hydroxymethyltransferase (SHMT) (17, 18) , and bifimctional 5,10-CH:-H4PtcGlun dehydrogenase (DHY)-5,10-CH*-lUPteGIun cyclohydrolase (CYC) (15) . It is possible (hat some of the 5,10-CH2-H4PteGlun arising during photorespiration may be used to generate formyl tetrahydrofolates. There is however little Information on this aspect of plant folate metabolism as few studies have examined the one-carbon substitution of mitochondrial folates.
In the present work, a reliable procedure has been used to isolate and purify organellar fractions from pea leaves. The folate derivatives of these fractions have been separated using ion-pair reverse phase HPLC and quantified using Standard microbiological assays.
Materials and Methods

Chemicals
General chemicals of the highest grade commercially available were obtained from Sigma, Fisher Scientific and BDH Chemicals. BSA (Fraction V), PteGlu, (6R,S)-H4PteGlu, and (6R,S)-5-HCO-H4PteGlu, were supplied by Sigma. H2PteGlu, (6R,S)-5-CH3-H4PteGlu, (6R,S)-10-HC0-H4PteGlu, and (6R,S)-5,10-CH2-H4PteGlu, were synthesized as describedby Home et al (19) . Bio-Gel P-6DG and protein assay dye reagent were products of Bio-Rad Laboratories. Microtiter plates (96-well) were supplied by Costar Corp. (Cambridge, MA). Cultures of L. rhamnosus (ATCC 7469) and R acidilactici (ATCC 8081) were obtained from the American Type Culture Collection and microbiological media were from Difco Laboratories.
Plant Material
Pea (Pisum sativum L. cv. Homesteader) seeds were purchased from Apache Seeds Ltd. (Edmonton, Alberta). Plants were raised in growth Chambers (16 h days, light mtensity of 400 mmol m^ s25°C; 8 h nights, 20°C; and 50% relative humidity) for 14 d as previously described (20) . Leaves of etiolated seedlings grown for up to 12 d in the above regime, but without light, were harvested in subdued green light generated by a 15 watt fluorescent bulb, fitted with three Roscolux Alters, (No. 10, medium yellow, No. 91, primary green, and No. 395, teal green, Rosco Laboratories Inc., Stamford, CT) and having a transmission spectral peak at 510+30 nm. In other experiments, seedlings were initially grown in darkness for 9 d and then placed in continuous light (400 (mmol m-^ s ') for up to 72 h. Extracts for folate analyses were prepared immediately after excision of leaf material.
Preparation of Whole-leaf extracts
Pteroylpolyglutamates were extracted from apical leaves (16) by immersing samples (ca. 2 g fresh weight) of tissue in 10 vol of extraction buffer (21) containing 50 mM HEPES, 50 mM CHES, 2% (w/v) sodium ascorbate, and 0.2 M 2-mercaptoethanol, pll 7.85, for 10 min at 100°C. After cooling in ice and thorough homogenization (Ten Broeck grinder), debris and insoluble material were removed by centrifugation (20,000g for 10 min) and the pellet was washed twice with 2 vol of the extraction buffer. The supematants were combined and stored under argon at -20°C. Parallel extiactions, lacking the heat treatment, were used for protein assay (22) .
Cytosolic, mitochondrial and chloroplastic extracts The method of Douce et al (23) was followed without modification to isolate mitochondria that were purified on Percoll gradients. Samples of each subcellular fraction were immediately diluted with 0.2 vol of 5-fold concentrated extraction buffer (24) , incubated at 100°C for 10 min, and then centrifiiged (20,000g for 10 min) to remove denatured protein. After washing the resulting pellet (2 X 2 ml of extraction buffer), the combined supematants were stored under argon at -20°C. Mitochondrial folates were solubilized by incubating with 0.1% (v/v) Triton X-100 for 1 h at 4°C, and sonication (2 pulses of 2 min, Output control of 70, Cole-Parmer Ultrasonic Homogenizer, 4710 series) prior to the 100°C treatment.
After Isolation and purification on Percoll gradients (25), chloroplasts were lysed at 4°C by suspension in 0.2 vol of 5-fold concentrated extraction buffer containing 0.1% (v/v) Triton X-100 for 1 h. The suspension was incubated at lOOoC for 10 min and then centrifiiged (20,000g for 10 min) to remove denatured protein. The pellet was washed twice with 2 ml of extraction buffer and the combined supematants were stored at -20°C under argon.
Enzyme Assays
The distribution of marker enzymes was used to assess the biochemical purity of the major subcelhilar fractions. Assays of alcohol dehydrogenase (26) , succinate dehydrogenase (27) , and phosphoribulokinase (28) served as markers for the cytosolic, mitochondrial, and chloroplastic compartments respectively. Glycolate oxidase activity was assayed (29) using leaf extracts prepared from 9 and 11 d etiolated seedlings and 48 h light-treated seedlings.
Hydrolysis of
Pteroylpolyglutamates y-Glutamyl hydrolase (GGH), isolated from pea cotyledons (30) , was used to hydrolyze pteroylpolyglutamates in whole-leaf and organellar extracts. The 4 ml reaction systems (1 ml plant extract, 1 mg of GGH protein, 5% (w/v) Na ascorbate, 75 mM Na acetate, final pH of 6.3) were incubated under argon at 37°C for 5 h. Hydrolyses were terminated by transfer to -70°C. Samples of Bacto Yeast Extract (Difco) were routinely used to verify hydrolytic activity.
Folate Assays
Cryoprotected cultures of L. rhaninosus and P. acidilactici were prepared (31) at 8 month intervals to maintain high levels of viability (32) . Folate assays were according to Home and Patterson (31) . The folate Standard Solution, 2.5 mM (6R,S)-5-HCOH4PteGlu (Ca sah), was quantified at pH 7 by A285 measurment and by use of the molar extinction coefFicient of 37.2 x 103 cm ' M ' (33) . Half of the determmed value was used for the biologically active (6S)-isomer. Assays were carried out using sterile 96-well microtiter plates that were covered and incubated at 37°C for approximately 18 h. Contrary to an earlier report (34), we found it necessary to resuspend the well Contents after the incubation period.
This was achieved by aspirating the samples with a pipette (31) . Turbidity at 630 nm was determined using in a Microplate Autoreader, model EL311 (Bio-Tek Instruments Inc., Winooski, VT), interfaced with an Apple Power Macintosh Computer. To avoid the "edge effect" noted by Home (34) , the outer cells of each plate were not used m these assays.
HPLC of Folate
Monoglutamates HPLC separations were based on Wilson and Home (35) . A Waters (iBondapak C18 steel column (3.9 x 300 mm) was used with a Varian VISTA 54 solvent delivery system.
Tetrabutylammonium phosphate (TBAP) reagent for paired-ion chromatography was prepared (19) from the hydroxide (TBAOH) supplied by Fisher Scientific. The mobile phase, consisting of 7 mM TBAP reagent, 1 mM sodium ascorbate, and 10% (v/v) ethanol, was isocratically pumped at a flow rate of 1 ml min ' for 72 min at 22°C. Sample injection (200 jil) was followed by the collection of 1 ml fractions in the dark. Collection tubes contained 0,1 ml of 10% (w/v) sodium ascorbate (pH 6.0) to protect labile folates. The fractions were immediately assayed for folate. Basic criteria for identifying individual folate monoglutamates included a comparison of the retention times of recovered peaks with that of authentic Standards, the differential growth response of the two assay organisms, and the results of co-chromatographing the extract with authentic folate derivatives.
Results and Discussion
HPLC of Authentic Folates
We initially chromatographed Standard solutions of folate monoglutamates using an isocratic program containing ethanol. These separations provided retention timcs for seven biologically important derivatives ( tions of the folates and in the same order as previously reported (35) . Recoveries of 5-HCO-H4PteGlu and PteGlu ranged from 90 -105% of the amounts injected. The detection limits of the subsequent microbiological assay were found to be approximately 10 fmo! of folate.
Folates of Whole-Leaf Extracts
The folate status of plant seedlmgs changes during germination and early growth (2, 4, 14) . For example, folate levels are low in the cotyledons of pea and radish seedlmgs after 24 h of Imbibition but mcrease to maximal levels at 6 to 7 d before declining (16, 36) . An examination of 9 to 14 d pea leaf extracts (Table 1) suggested a similar Situation. Thus, extracts of 14 d leaves had less folate than 9 or 11 d leaves. On a protein basis, the folate levels of 14 d leaves were approximately half of those found in extracts of 9 d tissue (Table 1 ). In agreement with earlier work (37), 14 d leaf extracts had a total folate content of 4.72 ±0.10 nmol g-1 fresh weight. Gambonnet et al (14) exammed younger seedlings but reported similar values for total leaf folate.
As reported in earlier studies (2), the bulk of these leaf folates were highly conjugated as judged by the mcrease in detectable folates foHowing GGH treatment of the leaf extracts. The proportion of shoitchained derivatives in the total folate pool appeared to mcrease as the leaves aged (Table 1) . It is noteworthy that Imeson et al (20) , using different methods for folate analysis, found approximately 46% of the folate pool to be diglutamate derivatives in 14 d pea leaves. Long-chained polyglutamates have major roles in onecarbon metabolism (1,2) but the importance of changes to less highly conjugated folates is not clear. Conceivably, long-chained folates may be subject to hydrolysis by endogenous GGH, an activity that is of widespread occurrence in plants (2, 30) . It is also possible that changing rates of folate synthesis and the glutamyl conjugation of H4PteGlu might affect the accumulation of relatively short-chained folates. In this regard, it is noteworthy that methotrexate reduces the incorporation of p-aminobenzoate-C" into pentaglutamate folates in pea leaves (20) . Under these conditions it is also clear that more label accumulates in derivatives of shorter chain length (20) .
5-CH3-H4PteGlu and H4PteGlu accounted for the bulk of the folates in these leaf extracts and were accompanied by smaller levels of 5-HCO-H4PteGlu ( Table 1 ). The apparent absence of 10-HCO-H4PteGlu is surprising as this derivative is widely distributed in plant tissues (2, 4, 15) . However several earlier smdies (4) used more acidic conditions (e.g., GGH incubations at pH 4.5 versus 6.3 used in the present study) to hydrolyze polyglutamates. This may account for the apparent absence of 10-HCO-H4PteGlu as recovery of this folate is known to be aflfected by pH (38) . To examine this possibility we incubated samples of 10-HC0-H4PteGlu with GGH at pH 6.3. More than 90% of this folate was recovered as the 5-HCO-H4PteGlu. When a pancreatic GGH was used (16) to hydrolyze pea leaf folates at pH 7.8 it was clear that lO-HCOH4PteGlu and its diglutamate represented about 20% of the folate pool.
Intracellular Folate
Distribution In these studies, leaf extracts were prepared in the presence of an osmoticum to facilitate the Isolation of intact mitochondria and other possible folate compartments (23) . This procedure resulted in the recovery of 74% less total folate (1.23±0.11 nmol g ' fresh weight) possibly due to the less rigorous grmding procedure employed (Table 2 ). Subsequent purification of these organelles on a Percoll gradient (23) resulted in a low yield of mitochondria, that lacked cytosolic and chloroplastic marker enzymes (Table 3 ). Differential centrifugation (Table 2) showed that folate was principally associated with the cytosolic fraction (12,000g supematant). Tliis fraction, as judged by the presence of marker enzymes (Table 3) , had only minor mitochondrial or chloroplastic contamination. The cytosolic folate pool, like that of rat liver (24) , was mainly 5-CH3-H4PteGlu, with smaller amounts of unsubstituted folate and 10-HCO-H4PteGlu. rhe purified mitochondrial fraction contained a smaller proportion of the celiular folate pooI and, in agreement with an eariier study (39) , these were highiy variable between individual cxtracts. IIPLC analyses showed that mitochondrial folates were mainly 5-HCO-H4PteGlu and H4PteGlu derivatives, a fmding similar to that of rat pancreas mitochondria (40) . Bascd on the recovery of succinate dehydrogenase, the yield of soluble mitochondrial proteins was approximately 7% (Table 3) . Therefore, the total mitochondrial fraction of 14 d leaves may contain approximately 13.6±3,0 nmol folate 100 g' fresh weight or 11.0±2.3% of the celiular folate pool. Calculations based on the leakage of fiimarase suggest that mitochondria may contain up to 30% of the total leaf folate (14) .
A significant pai1 of this mitochondrial pool is probably bound to folate-dependent enzymes (2), some of which are associated with the inner mitochondrial mcmbrane (15) . In this regard, the bifunctional protein for the interconversion of 10-HCO-H4PteGlu and 5,10-CH2-H4PteGlu displays latent activity in mtact plant mitochondria (15) and the solubilization of pea mitochondrial folates is enhanced by incubation with deoxycholate and by sonication (6) .
To examine chloroplastic folates, leaves were homogenized in isotonic medium and intact chloroplasts were purified on a Percoll gradient (25) . Based on the recovery of phosphoribulokinase activity this procedure resulted in the isolation of approximately 8.2±0.5% of these organelles ( Table 3 ). The punfied chloroplasts had negligible alcohol and succinate dehydrogenase activities, and low folate levels of 0.02±0.001 nmol folate mg ' protein (Table 2) . When corrected for recoveries of phosphoribulokinase this pool may represent 8.4±0.6% of celiular folate, a value in general agreement with that of Neuburger et al (10) but twice that of Gambonnet et al (14) . The low levels of folate in the chloroplast extracts did not allow HPLC analysis but dilTerential assays indicated that 71.8+4.3% of the chloroplastic pool supported growth of R acidilactici, This implies that 5-CH3-H4PteGlu and/or oxidized PteGlu were components of this pool, an assumption supported by other work (4). Stripped thylakoids, collected from the Percoll gradient, were also assayed for folates after HPLC. This fraction contained 5-HCO-H4PteGlu (60.7±1.6%), H4PteGlu (32.2±1.3%) and smaller amounts of 5-CH3-H4PteGlu (.7.1+0.3%) (data not shown).
To date, the physiological roles of chloroplasts in one-carbon metabolism have not been fully investigated (2) . Despite this, ihese organelles generale fomiylmetliionyl-tRNA (41), transmethylate homocysteine (42), convert formate to serine (43) , and contain SHMT (44,45), 5,10-methylenetetrahydrofolate dehydrogenase (10) and FPGS activities (12) . A more detailed assessment of the roles chloroplasts play in onecarbon metabolism appears warranted.
Changes in Folate Düring the Greening of Etiolated Leaves
In these studies, seedlings were grown in the dark for 9 d and either maintained in the dark for a further 72 h period (controls) or exposed to continuous light for 72 h. When 9 d etiolated seedlings received continuous light for up to 72 h, the amounts of folate (nmol g' fresh weight) increased while that of the controls remained relatively constant (Fig. 2) . Düring this greening period, maximal folate levels were reached by 48 h of Illumination and glycolate oxidase activity increased frora 4.8+0.2 to 13.9+1.0 lunol min. ' mg ' protein. Previous work has shovra that these conditions also increase the levels of SHMT, GDC (1) , and the bifunctional DHY-CYC complex (15) , changes that are consistent with the development of photorespiration (2) . The data in Fig. 2 , suggest that this change in leaf metabolism was accompanied by a net synthesis of folate. Conceivably this synthesis required the participation of enzymes that are located in the mitochondria (1, 2, 9) .
When the extracts of light-and dark-grown seedhngs were assayed before GGH treatments it was clear that greenmg affected the glutamyl conjugation of folate. In the etiolated controls, short-chained derivatives that supported L, rhamnosus growth prior to GGH treatment, represented about 15% of total folates throughout the 72 h dark period (Fig. 3) . In contrast, the folate pool of the greening seedlings contained up to 50% of short-chained derivatives. We conclude that these derivatives include newly synthesized folate that are partly exported by the mitochondria and progressively glutamyl conjugated by FPGS (12) . The relatively slow rate of folylpolyglutamate formation by FPGS is well documented (46) .
Greening also affected the distribution of individual folates (Fig. 4) . In general, the amount of each derivative was higher in the greening tissues. After 48 h of light treatment the amounts of H4PteGlu and 5-HCOH4PteGlu increased approximately 2-fold, while the 5-CH3-H4PteGlu pool was enlarged by a third.
In further studies, cytosolic and mitochondrial fractions were isolated from etiolated and greening leaves ( Table 4 ). The folate concentrations of the cytosolic compartment, on a protein basis, were similar in both treatments but on a fresh weight basis were higher in the cytosolic fraction of the greening leaves. This compartment also accounted for the bulk of recovered folate. In the controls, the cytosolic folate pool was approximately 50%> H4PteGlu and 50% 5-CH3-H4PteGlu whereas in the greening leaves these values were 36% and 64% respectively. As the cytosol is the principal compartment for 5,10-CH2-H4PteGlu reductase (47) and methionine synthase (3, 5) in plants, it seems reasonable to conclude that 5,10-CH2-H4PteGlu, produced from photorespiratory serine in the greening leaves, may be available for methyl group 
biogenesis.
After growth in the dark for 9 d, leaf mitochondria contained very small amounts of folate (Table 4 ) and attempts to separate and quantify individual derivatives by HPLC were not successful. Similar difficulty was encountered diiring analysis of mitochondrial extracts of control plants maintained in the dark for a fiirther 48 h period. However when these extracts were assayed for folate using P. acidilactici, a relatively (Table 4) . These data differ from those of Gambonnet et al (14) who compared folate levels of etiolated and green leaves. Although green pea leaves had double the total folate content of etiolated tissues no differences were noted in the concentration of mitochondrial folate. It should be emphasized that these workers did not examine folate changes during greening. As a result, initial changes m folate pools as the tissues developed photosynthetic and photorespiratory competence may not have been apparent. When mitochondrial extracts of greening leaves were examined by HPLC (Table 4) , it was clear that the folates were 56% 5-HCO-H4PteGlu and 37% H4PteGlu. Only 7% of the mitochondrial folate pool was recovered as 5-CH3-H4PteGlu. Although a portion of this formyl folate may be derived from lO-HCOH4PteGlu during extract preparation and HPLC (9, 38) it seems likely that 5-HCO-H4PteGlu is a normal constituent in these mitochondria. For example, this folate is readily generated from 5,10-CH*-n4PteGlu in a reaction catalyzed by SHMT in the presence of glycine (13) . The mcthenyl derivative needed in this reaction can be formed by mitochondrial DHY activity (15), using 5-10-CH2-H4PteGlu available from glycine cleavage (2), The occurrence of 5-nCO-H4PteGlu in tliese mitochondria is also consistent with the presence of 5-FCL in higher plants (13) . This enzyme is considerably more active in leaf than root mitochondria. Furthermore, the inliibition of SHMT by physiological concentrations of 5-HCO-H4PteGlu5 (13) may control the amounts of 5,10-CH2-H4PteGlu that can be diverted from serine synthesis during photorespiration (2) . It should be noted however that the inter-relationships between mitochondrial one-carbon metabolism and large proportion of methylated and/or oxidized folate was indicated. Thus the mitochondrial folate of 9 d etiolated plants was 48 .9+4.1% methylated and/or oxidized while that of the controls was 52.1±3.4% of this folate type. In contrast, mitochondria isolated from greening seedlings had higher folate concentrations on PteridmesA'ol. 14/No. 1 individual folates sequestered within this organelle are still not fully understood. There is also little information on the possible exchange of folates between the mitochondrial and cytosolic coinpartments of leaf cells.
Mitochondria of greening leaves contained significant levels of H4PteGlu (Table 4 ). This finding is consistent with a role in photorespiration where this folate is required by GDC and formed by SHMT (2) . Part of this pool may be denved by the dissociation of 5,10-CH2-H4PteGlu under Ihe near neutral conditions employed in this study. A new procedure (48) , based on the conversion of 5,10-CH2-H4PteGlu to 5-CH3-TkPteGlu, could provide more precise Information on the levels of this important folate derivative. Such analyses would conceivably be useful in a rnetabolic assessment of other folate-dependent enzymes, including thymidylate synthase (10) , that occur in leaf mitochondria. In conclusion, we suggest that these organelles have significant potential for further work on folate synthesis and the tumover of one-carbon units.
